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Zheng et al. discovered that thiostrepton-
type thiopeptides exhibit a dual mode of
action for anti-intracellular infection: in
addition to directly targeting the
ribosome of bacterial parasites,
thiostrepton antibiotics induce
autophagy to enhance host cell defense
by activating ER stress pathways in
eukaryotes.
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Thiostrepton (TSR) is an archetypal thiopeptide anti-
biotic possessing a quinaldic acid (QA) moiety in the
side ring system. According to the mechanism of
TSR previously known to target bacterial ribosome,
we recently designed and biosynthesized several
TSR derivatives that varied in QA substitution. Utiliz-
ing these thiopeptide antibiotics to treat the intracel-
lular pathogen Mycobacterium marinum, we herein
report a novel mode of action of TSRs, which induce
ER stress-mediated autophagy to enhance host cell
defense. This intracellular response, which is sensi-
tive to the modification of the QA group, serves as
an indirect but unignorable mechanism for elimi-
nating intracellular pathogens. TSRs are thus the
only type of antibiotics, to our knowledge, with
the dual action on both the parasitic bacteria and
the infected host cells. The newly observed mecha-
nism of TSRs may inspire the future change in the
treatment of intracellular pathogens, by taking host
response into account.
INTRODUCTION
Thiostrepton (TSR) (Figure 1), which possesses a quinaldic acid
(QA) moiety-containing side ring appended to the core system
that is common to all the members of the thiopeptide family
(Bagley et al., 2005), is a peptide antibiotic approved by the US
Food and Drug Administration for animal use. TSR binds within
a cleft located between the L11 protein and 23S rRNA of the
50S large ribosomal subunit, thereby perturbing translation fac-
tor binding and subsequent bacterial protein synthesis (Wilson,
2014). This mode of action (MOA) is unique and distinct from
those of current chemotherapeutics targeting the bacterial ribo-
some (e.g., erythromycin).
The X-ray crystal structure of the 50S ribosomal subunit in
complex with TSR has been elucidated (Harms et al., 2008),
showing that 86% of the surface buried by TSR on the ribosome1002 Chemistry & Biology 22, 1002–1007, August 20, 2015 ª2015 Elare attributed to the core system. In contrast, most moieties in
the side ring are solvent exposed, with the exception of the QA
group, which approaches A1067 of the 23S rRNA, one of the
key nucleobases contributing to mutation-induced bacterial
resistance (Baumann et al., 2010). Focusing on this biologically
relevant but tunable moiety, we recently biosynthesized two
derivatives, 50-fluoro-TSR and 120-methyl-TSR, by taking into
account the electronic and steric effects pertinent to drug design
(Wang et al., 2015). Both of these newly obtained thiopeptides,
along with previously obtained 60-fluoro-TSR (Duan et al.,
2012), displayed a series of anticipated and unanticipated phar-
maceutical advantages in comparison with the parent com-
pound TSR, e.g., the improvement in activity against a number
of drug-resistant pathogens and water solubility that hindered
the clinical use of TSR for human therapy, thus confirming the
rationale for QAmodification to develop TSR-derived antibiotics.
In this study, we utilized TSR and these derivatives to treat the
intracellular pathogen Mycobacterium marinum, a model strain
of Mycobacterium tuberculosis, which is a tuberculosis (TB)-
causing human pathogen that is difficult to eradicate and has
infected more than 1 billion people worldwide (Lougheed et al.,
2009). Intriguingly, the inconsistency between the in vitro and
in vivo effects of these antibiotics onM. marinum revealed a pre-
viously unknown MOA of TSRs, which induced host autophagy
by activating the ER stress pathways to enhance cell defense.RESULTS AND DISCUSSION
In Vitro and Vivo Potency of the TSRs
We first quantitatively tested the susceptibility of M. marinum to
the TSRs in vitro, showing the minimum inhibitory concentrations
(MICs) at 0.5 mg/ml for TSR, 0.25 mg/ml for 120-methyl-TSR,
and0.125mg/ml for both50-fluoro-TSRand60-fluoro-TSR.Conse-
quently, the TSRs exhibited potency approximately 25- to 200-
fold higher than that of the chemotherapeutic control drugs, eryth-
romycin (MIC12.5mg/ml) or isoniazid (MIC25mg/ml).Moreover, all
three derivatives displayed increased activity compared with the
parent compound, TSR, in the following rank order: 50-fluoro-
TSRz 60-fluoro-TSR (4-fold) > 120-methyl-TSR (2-fold) > TSR.
Next, we evaluated the anti-infective activity of the TSRs
in vivo, initially using an M. marinum-infected zebrafish larvalsevier Ltd All rights reserved
Figure 1. TSR and Its Derivatives 60-Fluoro-
TSR, 50-Fluoro-TSR, and 120-Methyl-TSR
Vary in QA Substitutionsystem (Takaki et al., 2012, 2013). Larvae 1 day post-infection
(dpi) with fluorescently labeled M. marinum were maintained in
96-well plates in the presence or absence of TSRs or control
drugs, and monitored daily for viability and bacterial burdens.
For the treatment, each compound was diluted to 3 mM, at which
concentration no visible side effect on larval development was
observed. Overall, the treatments apparently reduced the bacte-
rial burdens in the infected larvae, consistent with the finding that
the survival duration of treated larvae was much longer than that
of the untreated controls (Figures 2A and S1A). Furthermore, the
anti-infective effect of TSRs was validated on an M. marinum-
infected zebrafish adult system (Stewart et al., 2011) in which a
one-time treatment, by intraperitoneal injection, with each com-
pound at 5 mM significantly reduced the bacterial burdens and
improved viability (Figures 2B and S1B). Notably, the same ther-
apeutic dose of isoniazid, the front-line anti-mycobacterial
agent, had almost no effect upon M. marinum infection in either
the larval or the adult model (Figure 2). Importantly, all of the TSR
derivatives showed curative effects better than that of TSR,
indicating that QA modification has potential for the develop-
ment of anti-tuberculosis drug leads with low cytotoxicity.
Surprisingly, 120-methyl-TSR was less active against
M. marinum than 50-fluoro-TSR and 60-fluoro-TSR in vitro, but
was the most potent compound in vivo, as shown by the activity
order: 120-methyl-TSR > 50-fluoro-TSR z 60-fluoro-TSR > TSR
(Figure 2). This inconsistency indicated that the anti-infective ac-
tivity of TSRs in vivo did not solely depend on directly targeting
the bacterial ribosome. M. marinum is known to be an intracel-
lular bacterium that parasitizes host phagosomes through inter-
ference with phagolysosome biogenesis (Vergne et al., 2004).
Thus, interesting queries arise regarding the host cell response
to the TSRdrug treatment (Qiao et al., 2012), especially that posi-
tively contributing to pathogen elimination, such as autophagy.
TSRs Induce Host Autophagy
To test whether TSR antibiotics are able to induce autophagy for
the bulk degradation of intracellular pathogens, we first com-
bined 3-methyladenine (3-MA), an inhibitor of autophagosome
formation, with 120-methyl-TSR to treat theM.marinum-infected
zebrafish larvae. Compared with treatment by 120-methyl-TSR
alone, this treatment led to shortened survival duration andChemistry & Biology 22, 1002–1007, August 20, 2015 ªincreased bacterial burdens in the in-
fected larvae (Figures 2A and S1A). We
then examined microtubule-associated
protein light chain 3 (LC3), a highly
specific autophagic marker (Yoshimori,
2004; Gutierrez et al., 2004), in both
M. marinum-infected and uninfected
zebrafish larvae. During macroautoph-
agy, the cytosolic form LC3-I undergoes
complex C-terminal proteolytic and lipid
modifications to generate LC3-II, which
is translocated to the autophagosomalmembrane (Kabeya et al., 2000). TSR and 120-methyl-TSR signif-
icantly induced the transformation of LC3-I into LC3-II (Fig-
ure 3A), resulting in LC3-II intensity equal to (for TSR) or greater
than (for 120-methyl-TSR) that induced by treatment with rapa-
mycin, an autophagy stimulator targeting the Ser/Thr kinase
Tor (Jacinto and Hall, 2003). Consistent with this result, the
TSR-induced LC3-II generation was further validated using the
M. marinum-infected and uninfected murine macrophage cell
line RAW 264.7, in which LC3 conversion can be largely attenu-
ated by co-treatment with 3-MA (Figures 3B and 3C). For auto-
phagy-associated LC3-II production, the control drug isoniazid
was effective only on the infected cells, due to the production
of reactive oxygen species (ROS) (Figure 3D; Kim et al., 2012);
however, TSRs were effective on both infected and uninfected
cells (Figures 3A and 3B). TSR or 120-methyl-TSR induced
ROS generation to a lower degree than isoniazid in the infected
cells (Figure 3D), inconsistent with their much higher activities
in LC3 conversion. These findings strongly suggest that TSRs
activate host autophagy through an unidentified pathway, which
is distinct from that relevant to the common infection-based ROS
formation.
TSRs Induce Host Autophagy by Activating ER Stress
Pathways
TSR has recently been shown to inhibit proteasome activities
(Bhat et al., 2009; Schoof et al., 2010). Proteasome inhibitors
lead to an increase in unfolded/misfolded proteins and induce
ER stress, along with the subsequent unfolded protein response
(UPR), to activate autophagy as a defense mechanism for cell
survival (Zhu et al., 2010; Kouroku et al., 2007). To validate the
role of ER stress in TSR-induced autophagy, we examined the
levels of the phosphorylated kinase PERK (P-PERK), an ER
stress-associated product mediating autophagy, and its down-
stream protein eIF2a in the infected RAW 264.7 cells. Each
TSR up-regulated PERK and eIF2a phosphorylation, in line
with the increased conversion from LC3-I into LC3-II; however,
isoniazid and rapamycin did not (Figures 3B and 3C). In addition,
the other two arms of the UPR (IRE1 and ATF6), suggested to in-
fluence autophagy, were also up-regulated and activated by
TSR derivatives as well as the control drugs MG-132, 3-AP-
Me, and bortezomib (Figure S2A). These findings demonstrated2015 Elsevier Ltd All rights reserved 1003
Figure 2. Measurement of In Vivo Anti-infective Activities of Drugs
(A)M. marinum-infected zebrafish larvae (n = 10) in the presence of each test drug (3 mM). Left: Fluorescence intensity of GFPmut3-expressing bacteria in larvae
5 days after treatment (*p < 0.05, **p < 0.01, ***p < 0.001; error bars represent the standard deviation). Right: larval survival during the treatment period.
(B) M. marinum-infected zebrafish adults (n = 20) treated once with each test drug (10 ml of 5 mM). Left: Pathological section of the infected area of randomly
selected adults 10 days after treatment. The arrow indicates the existing or obliterated bacterial burden (red). Scale bar, 100 mm. Right: Adult survival during the
treatment period.that the TSRs activate ER stress-mediated autophagy similarly
to some proteasome inhibitors, but distinct from other frequently
used autophagy inducers (e.g., rapamycin).
Autophagy Induction Is an Indirect but Significant
Mechanism of TSRs for Eliminating Intracellular
Pathogens
The inconsistency between the in vitro and in vivo activities of
TSR derivatives can most likely be attributed to their effect
upon infected host cells to different extents. We then detected1004 Chemistry & Biology 22, 1002–1007, August 20, 2015 ª2015 Elautophagosome formation in RAW 264.7 cells infected by
M. marinum, showing that the drug treatments resulted in the
co-localization of LC3 (in the form of LC3-II) within phagosomes
in the macrophages for the bulk degradation of pathogens (Fig-
ure 4). Apparently, the TSRs motivated the autophagosome
formation and consequently lowered the yields of the pathogen
colony-forming units. Among the tested compounds, 120-
methyl-TSR exhibited the highest activity, which, however, was
most largely antagonized by the autophagy inhibitor 3-MA (Fig-
ure 4B) or bafilomycin (Figure S3). In contrast, the impact ofsevier Ltd All rights reserved
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Figure 3. Mechanistic Characterization of TSR-Induced Host Autophagy
(A) Conversion of LC3-I into LC3-II in the M. marinum-infected and uninfected zebrafish larvae in the presence of each test drug (3 mM).
(B and C) P-PERK production, eIF2a phosphorylation, and LC3 conversion in the infected or uninfected RAW 264.7 cell line treated with each drug (1 mM).
(D) Reactive oxygen species generation in the infected and uninfected RAW 264.7 cell lines. The error bars represent the standard deviation from three different
experiments. DCF, dichlorofluorescein; MFI, mean fluorescence intensity.ISRIB, a specific PERK/eIF2a pathway inhibitor, to anti-intracel-
lular bacteria activities of TSRswas slight (Figure S3), suggesting
that TSRs generally activated all the pathways downstreamof ER
stress. Thus, in addition to directly targeting bacterial ribosomes,
the induction of host autophagy serves as an indirect but signifi-
cant mechanism of TSRs for anti-intracellular infection.
SIGNIFICANCE
We uncovered a novel MOA for TSR antibiotics, through
which they indirectly act against the intracellular pathogen
M. marinum by affecting host cells. These antibiotics are
able to induce ER stress-mediated host cell autophagy,
and this activation is sensitive to the modification of TSR
QA moiety. These remarkable findings resulted from the
biosynthesis of the complex TSR derivatives, which were
rationally designed according to the known mechanism of
TSR (directly targeting bacterial ribosomes). To our knowl-
edge, the TSRs are the only antibiotics able to intuitively
act on both the bacterial pathogens and infected cells. The
interest in thiopeptides could thus be renewed, with a focus
on exploring new molecular mechanisms hidden within the
complex architecture to avoid or diminish possible cross-
resistance with existing antibiotics. The identification of
the dual action of TSR antibiotics is particularly promising
for the treatment of intracellular pathogens, given the fact
that the contribution of host cell responses in the contextChemistry & Biology 22, 1002–of antimicrobial chemotherapy has increasingly been recog-
nized. Distinct from the current chemotherapeutics that pri-
marily act on bacterial cells, TSRs intensively activate host
autophagy, which plays a key role in antimicrobial immunity,
to disable pathogens from parasitizing host macrophages.
These findings may motivate future changes in developing
new antibiotics for the treatment of intracellular pathogens.EXPERIMENTAL PROCEDURES
In Vitro/In Vivo Anti-infective Assays
The MICs of TSRs were determined according to the method described previ-
ously, with slight modification (Wang et al., 2015; Zheng et al., 2014). For de-
tails of this and the preparation ofM. marinum single cells for infection, zebra-
fish adult tissue slices, and acid-fast staining, please see the Supplemental
Information. All animal experiments were approved by IACUC of FudanUniver-
sity (Project Number: 20130227-043).
Detection of LC3 Conversion in Zebrafish Larvae
Each zebrafish larva was completely lysed by vigorously shaking in mamma-
lian cell total protein lysis buffer (Junrui Biotechnology, cat. no. UFC04823)
containing 1% PMSF (Sigma, cat. no. P7626). After adding 53 protein loading
buffer, the lysate was separated by 15%SDS-PAGE and then transferred onto
a polyvinylidene fluoride (PVDF) membrane (Millipore) under a voltage of 100 V
for 90 min. After incubation with the primary antibody anti-LC3 (Proteintech
Group, cat. no. 12,135-1-AP) 1:100 at 4C overnight followed by horseradish
peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology)
1:5,000 at room temperature for 2 hr, the immunoreactive bands were visual-
ized using a chemiluminescent detection reagent (ECL; Millipore).1007, August 20, 2015 ª2015 Elsevier Ltd All rights reserved 1005
AB
Figure 4. Drug-Induced Autophagy Activa-
tion and Associated Pathogen Elimination
(A) Imaging of cytolysosome formation (red spots)
and their co-localization with bacteria parasitized
phagosome (yellow spots) in RAW 264.7 cells in-
fected with M. marinum (green), in the absence of
drug or in the presence of isoniazid, rapamycin,
TSR, or 120-methyl-TSR. Scale bar, 25 mm.
(B) Calculation of pathogen colony-forming units
(CFU). The error bars represent the standard de-
viation from three different experiments.Detection of Biomarkers Involved in ER Stress-Mediated Autophagy
Pathways
The murine macrophage cell line RAW 264.7 (ATCC TIB-71) was maintained at
37C with 5% CO2 in DMEM supplemented with 10% fetal bovine serum and
10 mMHEPES. The cells, plated in 12-well plates (23 105 cells per well), were
infected with 23 106 cells ofM. marinum for 2 hr at 32C. After treatment with
1 mM of each drug, the cells were maintained at 32C for 2 hr and then lysed in
mammalian cell total protein lysis buffer containing 1%PMSF. After 53 protein
loading buffer was added, the lysate was separated by 15% SDS-PAGE and
transferred onto a PVDF membrane (Millipore) under a voltage of 100 V for
90 min. The primary antibodies used in this study included anti-phospho-
PERK (Cell Signaling Technology, 1:500), anti-phospho-eIF2a (Cell Signaling
Technology, 1:200), anti-LC3 (Sigma, 1:1,000), anti-IRE1 (Cell Signaling Tech-
nology, 1:500), and anti-ATF6 (Gene Tex, 1:500). The immunoreactive bands
were visualized by using a chemiluminescent detection reagent after incuba-
tion with the HRP-conjugated secondary antibody (Cell Signaling Technology,
1:5,000).
Detection of Autophagosome Formation
Infected or uninfected RAW 264.7 cells were washed twice with 13 PBS, fixed
with 4% paraformaldehyde in 13 PBS buffer for 15 min at room temperature,
permeabilized with 0.25% Triton X-100 in 13 PBS for 10 min, and incubated
overnight at 4C with the primary antibody anti-LC3 (Sigma, 1:200) diluted in
13 PBS containing 1% BSA. The cells were washed to remove the excess pri-
mary antibody and then incubated with red fluorescently labeled secondary
antibody (Cell Signaling Technology, 1:1,000) for 1 hr at room temperature.
The cell nucleus was stained by incubation with DAPI (4,6-diamidino-2-phe-
nylindole) for 5 min. After mounting, the fluorescence signals were imaged
on a confocal laser scanning microscope (Leica TCS SP8).
Measurement of ROS Production
Intracellular ROS production was measured by a dichlorodihydrofluorescein
diacetate assay method described previously with slight modifications (Yang
et al., 2008). For details, see the Supplemental Information.
Counting of Colony-Forming Units
Infected RAW 264.7 cells were plated in 12-well plates (23 105 cells per well).
The cells were infectedwith 23 106 ofM.marinum for 2 hr at 32C, treatedwith
each drug (1 mM), and maintained at 32Cwith 5%CO2 for 6 hr. The cells were1006 Chemistry & Biology 22, 1002–1007, August 20, 2015 ª2015 Ellysed in 13 PBS containing 1% Triton X-100. Quantitative culturing was per-
formed using 5-fold serial dilutions. Aliquots of 100 ml of each dilution were
inoculated in a 12-well plate containing Middlebrook 7H10 agar with oleic al-
bumin dextrose catalase. The plates were incubated for 2 weeks at 32C.
The counting was carried out on the plate that yielded 10–50 visible colonies.
For each treatment, colonies were counted from three different wells.
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three figures and can be found with this article online at http://dx.doi.org/10.
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